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Abstract

Background

Growth Arrest and DNA Damage 45γ (GADD45γ) is a member of the DNA damage-induc-

ible gene family which responds to environmental stresses. Apoptosis is a critical mode of

renal tubular cell death in nephrotoxin-induced acute kidney injury. In this study, we investi-

gated the role of GADD45γ in renal tubular cell apoptosis induced by nephrotoxic drugs.

Methods

Primary human renal tubular epithelial (HRE) cells were used in this study. To derive stable

cell lines in which GADD45γ expression was silenced, HRE cells were transduced with a

plasmid encoding GADD45γ-specific shRNA. The recombinant adenovirus containing the

GADD45γ gene was synthesized to overexpress GADD45γ protein. Cell death was induced

by cisplatin and cyclosporine A (CsA). To prevent apoptotic cell death, pan-caspase inhibitor

ZVAD-FMK was used. To prevent non-apoptotic cell death, necrostatin-1 and ferrostatin-1

were used. The degree of apoptosis and necrosis of cultured cells were evaluated by flow

cytometry.

Results

Expression of the GADD45γ gene was significantly upregulated in response to treatment

with CsA and cisplatin. Apoptosis and necrosis induced by these drugs were significantly

reduced by silencing of GADD45γ, and significantly augmented by the overexpression of

GADD45γ. The activation of caspase-3 and caspase-7 as well as caspase-9 induced by cis-

platin or CsA was reduced by silencing of GADD45γ, and was augmented by the overex-

pression of GADD45γ, indicating that caspase activation is dependent on the expression of

GADD45γ. ZVAD-FMK significantly inhibited apoptosis induced by cisplatin or CsA, indicat-

ing a role of caspases in mediating apoptotic cell death. ZVAD-FMK was effective to prevent

necrosis as well, indicating that the observed necrosis was a secondary event following apo-

ptosis at least in part.
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Conclusions

To our knowledge, this is the first study to show that GADD45γ is required for the caspase-

dependent apoptosis of renal tubular cells induced by nephrotoxic drugs.

Introduction

Growth Arrest and DNA Damage 45γ (GADD45γ), an isoform of the GADD45 family of pro-

teins, is a molecule which responses to environmental stresses by checking on the cell cycle

[1], and by inducing apoptosis [2]. Apoptosis is a critical mode of renal tubular cell death in

acute kidney injury (AKI) and prevention of apoptosis was shown to protect renal function

[3]. With regard to kidney damage, we previously showed that GADD45γ contributes to the

progression of chronic kidney disease in a mouse model of chronic tubular injury [4] and

human chronic glomerulonephritis [5]. To date, however, no data exists with regard to the

role of GADD45γ in AKI, prompting us to investigate its role in apoptosis of renal tubular

cells. Tubular cell death in AKI resulting from direct renal insults such as renal ischemia [6, 7],

sepsis [8], and nephrotoxins [9–13] was shown to proceed through apoptosis. For our in vitro
experiments, we selected the nephrotoxic drugs cisplatin and cyclosporine A (CsA) to evaluate

the link between GADD45γ and renal tubular cell apoptosis. Cisplatin is a widely used chemo-

therapy drug, but its use is limited by its nephrotoxicity [14]. Nephrotoxicity by cisplatin

involves necrosis as well as apoptosis of renal tubular cells, and the suppression of apoptosis

has been shown to be protective against cisplatin-induced renal injury [10]. CsA was the first

approved calcineurin inhibitor and has been extensively used in kidney transplantation to pre-

vent acute rejection. However, ironically, CsA causes kidney injury [15, 16], and nephropathy

caused by CsA has been associated with a marked increase in apoptosis of tubular and intersti-

tial cells [17].

Through a series of experiments, we have found convincing evidence that GADD45γ is

indispensable for the activation of caspases, and caspase-mediated renal tubular cell apoptosis

is determined by the level of GADD45γ expression. In this paper, we present novel findings

that implicate GADD45γ in the nephrotoxin-induced apoptotic pathways of renal tubular

cells.

Materials and methods

Primary human renal tubular epithelial (HRE) cell culture

HRE cells were purchased from Lonza (Walkersville, MD) and were maintained in Renal Epi-

thelial Basal Medium supplemented with 10% FBS and the SingleQuots kit (Lonza).

Construction of GADD45γ knockdown HRE cell lines

To knockdown GADD45γ expression in HRE cells, we used the vector containing short hair-

pin RNA (shRNA) composed of the target sequence CGTCTACGAGTCAGCCAAAGT, the loop

CTTCCTGTCA, the U1 promoter, and puromycin resistance gene (SA bioscience, Frederick

MD). The negative control (NC) vector contained the insert sequence GGAATCTCATTCGA
TGCATAC which has no homology to known gene sequences. HRE cells were transfected with

each vector using SureFECT transfection reagent (SA bioscience) and the cells were selected

using 3 ug/ml puromycin (Invivogen, San Diego, CA) to generate stable cell lines expressing
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the shRNA constructs that target the GADD45γ (shRNA-GADD45γ), or no known genes

(shRNA-NC).

Construction of recombinant adenoviruses expressing GADD45γ
The complete open reading frame of human GADD45γ in pENTR221 (Invitrogen, Carlsbad,

CA) was transferred to the pAd/CMV/V5-DEST vector (Invitrogen) by LR recombination.

After sequencing to confirm the orientation and positions, the plasmids were transfected into

HEK293A cells to produce recombinant adenoviruses. For controls, recombinant adenovi-

ruses containing the lacZ gene were produced. For purification and concentration, the Adeno-

X maxi purification kit (Clontech, Mountain View, CA) was used. For titration, HEK293 cells

infected with recombinant adenoviruses were detected using an antibody specific for the ade-

novirus hexon protein with the Adeno-X rapid titer kit (Clontech). HRE cells were infected

with adenoviral vectors harboring the GADD45γ gene or LacZ gene for 48 hours with a multi-

plicity of infection (MOI) of 25–50 before treatment with cisplatin or CsA.

Cell death induction

To induce cell death, HRE cells were treated with cisplatin intravenous solution (0.5 mg/ml in

normal saline, Ildong pharmaceuticals, Seoul, Korea), or cyclosporine A. Cyclosporine A

(Sigma-Aldrich, St. Louis, MO) was dissolved in ethanol to yield a 10 mg/ml stock. Pan-cas-

pase inhibitor ZVAD-FMK (R&D Systems, Minneapolis, MN) was dissolved in DMSO to

yield a 20 mM stock solution. Necrostatin-1 (Sigma-Aldrich), an inhibitor of necroptosis, was

dissolved in DMSO to yield a 38.5 mM stock solution. Ferrostatin-1 (Sigma-Aldrich), an

inhibitor of ferroptosis, was dissolved in DMSO to yield a 38.1 mM stock solution. The

reagents were used at the following concentrations: cisplatin (12.5–200 μM), cyclosporine A

(25 ug/ml), ZVAD-FMK (25 μM), necrostatin-1 (50 μM), ferrostatin-1 (1 μM).

RNA isolation

Samples were homogenized in Trizol reagent (Invitrogen). RNA was extracted with chloro-

form, precipitated with isopropanol, washed with 75% ethanol, and then re-dissolved in TE

buffer. The isolated RNA was quantified spectrophotometrically.

Reverse transcription-polymerase chain reactions (RT-PCR)

After removing contaminating DNA from the isolated RNA using DNase I (Invitrogen),

2–3 μg of total RNA was reverse transcribed into cDNA in the reaction mixtures containing

Moloney murine leukemia virus reverse transcriptase and random hexanucleotide primers.

The individual PCR was performed for 28–35 cycles. The amplification profile typically con-

sisted of denaturing at 94˚C for 20 seconds, primer annealing at 57˚C for 30 seconds and

primer extension at 72˚C for 20 seconds. Primers used are listed in Table 1.

Protein extraction

Cultured cell monolayers were scraped in lysis solution (Cell signaling, Danvers, MA) contain-

ing protease inhibitors (Protease Inhibitor Cocktail, Roche Life Science, Indianapolis, IN) and

phosphatase inhibitors (PhosStop, Roche Life Science). The homogenates were incubated on

ice for 30 minutes, and then centrifuged to pellet cell debris at 13,000 rpm for 10 minutes at

4˚C. Protein was quantified using the Bradford dye-binding method (Bio-Rad, Hercules, CA).
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Western blot analysis

Equal amounts of total protein (10–20 μg) were subjected to 10 to 15% acrylamide gel

SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane, and then incubated

Table 1. Primers used in the polymerase chain reactions.

Primers

expected size

Sequences GenBank Accession

GADD45γ
300bp

F: 5'-AAGCGCTGCATGAGTTGCTG-3'
R: 5'-TCGAAATGAGGATGCAGTGCA-3'

NM_006705

GAPDH

299bp

F: 5'-GTCGGAGTCAACGGATTTGG-3'
R: 5'-ATGGTGGTGAAGACGCCAGT-3'

NM_002046

F: forward primers, R: reverse primers, GADD45γ: Growth Arrest and DNA Damage 45γ, GAPDH: glyceraldehyde-3-phosphate dehydrogenase

https://doi.org/10.1371/journal.pone.0212818.t001

Fig 1. RT-PCR for mRNA expression in CsA- and cisplatin-treated renal tubular cells. HRE cells were incubated with CsA or cisplatin to measure GADD45γ mRNA

expression using RT-PCR. GAPDH served as an internal control. (A) The time course of the CsA-induced gene expression of GADD45γ. HRE cells were incubated with

25 ug/ml CsA for the indicated time. �p<0.05 vs 0 hours and 6 hours. (B) shRNA-GADD45γ and shRNA-NC stable HRE cell lines were incubated with 25 ug/ml CsA

for 24 hours. V represents vehicle. �p<0.05 vs all other values. #p<0.05 vs shRNA-NC/CsA and shRNA-GADD45γ/CsA. (C) HRE cells were incubated with 25 μM

cisplatin for 12 hours (left panel), and shRNA-GADD45γ and shRNA-NC stable HRE cell lines were incubated with 25 μM cisplatin for 18 hours (right panel). �p<0.05

between the groups. shRNA-GADD45γ represents shRNA constructs to knockdown GADD45γ; shRNA-NC, shRNA constructs targeting no known genes. Data were

expressed as mean ± SD. Student’s t-test (panel C) or one-way ANOVA followed by Bonferroni’s post-hoc comparisons tests (Panel A and B) were used to compare the

groups. A p value<0.05 was considered significant.

https://doi.org/10.1371/journal.pone.0212818.g001
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overnight at 4˚C with primary caspase antibodies (Cell signaling) and a phospho-mixed line-

age kinase domain-like (MLKL) antibody (Cell signaling). The membrane was incubated with

peroxidase-conjugated secondary antibodies for 1 hour, and the proteins were visualized by

enhanced chemiluminescence (Amersham, Piscataway, NJ).

Detection of apoptosis and necrosis by flow cytometry

Cells were harvested by trypsinization, pooled with the culture medium containing floating

cells, collected by centrifugation, and incubated with the Annexin V-FITC conjugate and pro-

pidium iodide (PI) for 10 minutes using an apoptosis detection kit (APOAF, Sigma-Aldrich),

then analyzed by flow cytometry. The percentage of apoptosis and necrosis was evaluated by

plotting cell staining by Annexin V (x-axis) vs PI (y-axis). The upper left quadrant (PI positive

and Annexin V negative, Q1) represents necrotic/non-viable cells; the upper right quadrant

(PI positive and Annexin V positive, Q2) represents necrotic/late apoptotic cells; the lower left

Fig 2. Quantitation of apoptosis and necrosis by flow cytometry in cisplatin (12.5 μM)-treated renal tubular cells: The effect of GADD45γ knockdown.

shRNA-GADD45γ and shRNA-NC stable HRE cell lines were treated with 12.5 μM cisplatin for indicated time periods. (A) Representative scatter plots of flow

cytometry. Quantitation of (B) apoptotic cells (PI negative and Annexin V positive, Q4), (C) necrotic cells (PI positive and Annexin V positive, Q2), (D) viable

cells (PI negative and Annexin V negative, Q3). Each bar represents mean ± SD of 3 experiments. �p< 0.05 (One-way ANOVA followed by Bonferroni’s post-

hoc comparisons tests). shRNA-GADD45γ(G) represents shRNA constructs to knockdown GADD45γ; shRNA-NC, shRNA constructs targeting no known

genes.

https://doi.org/10.1371/journal.pone.0212818.g002
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quadrant (PI and Annexin V negative, Q3) represents live cells; and the lower right quadrant

(PI negative and Annexin V positive, Q4) represents early apoptosis.

Statistical analysis

Data were expressed as mean ± SD. Student’s t-test or one-way ANOVA followed by Bonferro-

ni’s post-hoc comparisons tests were used to compare the groups. A p value<0.05 was consid-

ered significant.

Results

GADD45γ mRNA expression is induced by CsA and cisplatin in renal

tubular cells

HRE cells were incubated with CsA or cisplatin and the expression of mRNA was evaluated by

RT-PCR. GADD45γ mRNA was induced within 24 hours of CsA treatment (Fig 1A), and the

Fig 3. Quantitation of apoptosis and necrosis by flow cytometry in cisplatin (25 μM)-treated renal tubular cells: The effect of GADD45γ knockdown.

shRNA-GADD45γ and shRNA-NC stable HRE cells lines were treated with 25 μM cisplatin for indicated time periods. (A) Representative scatter plots of flow

cytometry. Quantitation of (B) apoptotic cells (PI negative and Annexin V positive, Q4), (C) necrotic cells (PI positive and Annexin V positive, Q2), (D) viable

cells (PI negative and Annexin V negative, Q3). Each bar represents mean ± SD of 3 experiments. �p< 0.05 (One-way ANOVA followed by Bonferroni’s post-

hoc comparisons tests). shRNA-GADD45γ(G) represents shRNA constructs to knockdown GADD45γ; shRNA-NC, shRNA constructs targeting no known

genes.

https://doi.org/10.1371/journal.pone.0212818.g003
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induction was effectively blunted by shRNA-GADD45γ expression (Fig 1B). Similarly,

GADD45γ mRNA was significantly induced by cisplatin treatment, and the induction was

effectively blunted by shRNA-GADD45γ expression (Fig 1C).

Cisplatin-induced renal tubular cell death is dependent on GADD45γ
expression

To investigate the role of GADD45γ in cisplatin-induced cell death, GADD45γ knockdown

shRNA-GADD45γ HRE cells were incubated with 12.5 μM cisplatin and then analyzed by

flow cytometry. Apoptosis as well necrosis was significantly decreased by silencing of

GADD45γ, and led to significantly increased survival of shRNA-GADD45γ stable cells, com-

pared to negative control shRNA-NC stable cells (Fig 2). Similar results were obtained when

the cells were incubated with a higher concentration of cisplatin, 25 μM (Fig 3). To further

clarify the role of GADD45γ in cell death, HRE cells overexpressing GADD45γ were made

using adenoviral vectors, incubated with 12.5 μM cisplatin, and analyzed by flow cytometry. In

Fig 4. Quantitation of apoptosis and necrosis by flow cytometry in cisplatin-treated renal tubular cells: The effect of GADD45γ overexpression. (A) Detection of

overexpressed GADD45γ RNA by RT-PCR. HRE cells were infected with 50 MOI of adenoviral vectors for 24–48 hours. (B) Detection of overexpressed GADD45γ
protein by Western blot. HRE cells were infected with a serial amount of Ad-GADD45γ for 48 hours. HRE cells were infected with 50 MOI of adenoviral vectors for 48

hours and then treated with 12.5 μM cisplatin for indicated time periods (panels C-F). (C) Representative scatter plots of flow cytometry. (D) Quantitation of apoptotic

cells (PI negative and Annexin V positive, Q4). �p<0.05 vs control and Ad-GADD45γ/cisplatin. #p<0.05 vs all other corresponding values. (E) Quantitation of necrotic

cells (PI positive and Annexin V positive, Q2). �p<0.05 vs Ad-GADD45γ/cisplatin. #p<0.05 vs control and Ad-GADD45γ/cisplatin. &p<0.05 vs all other

corresponding values. (F) Quantitation of viable cells (PI negative and Annexin V negative, Q3). �p<0.05 vs control and Ad-GADD45γ/cisplatin. #p<0.05 vs all other

corresponding values. Each bar represents mean ± SD of 3 experiments. �p< 0.05 vs corresponding Ad-LacZ transduced cells (One-way ANOVA followed by

Bonferroni’s post-hoc comparisons tests). MOI, multiplicity of infection. Ad-GADD45γ(G) represents adenoviral vectors expressing GADD45γ; Ad-LacZ, LacZ

adenoviral vectors.

https://doi.org/10.1371/journal.pone.0212818.g004
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accordance with GADD45γ knockdown experiments, apoptosis as well as necrosis was signifi-

cantly increased in GADD45γ- overexpressing cells compared to LacZ control cells during the

cisplatin incubation time, resulting in significantly decreased viability of GADD45γ-overex-

pressing cells (Fig 4). This data indicates that GADD45γ play a key role in controlling cis-

platin-induced cell death in renal tubular cells.

CsA-induced renal tubular cell death is dependent on GADD45γ
expression

To further clarify the role of GADD45γ in apoptosis and necrosis, HRE cells were incubated

with another nephrotoxic agent, CsA, at a concentration of 25 ug/ml, then analyzed by flow

cytometry. Like the cisplatin experiment, apoptosis as well as necrosis was significantly

decreased in shRNA-GADD45γ HRE cells during the incubation with CsA, resulting in signif-

icantly increased survival compared to negative control shRNA-NC HRE cells (Fig 5). Next,

Fig 5. Quantitation of apoptosis and necrosis by flow cytometry in CsA-treated renal tubular cells: The effect of GADD45γ knockdown.

shRNA-GADD45γ and shRNA-NC stable HRE cells lines were treated with 25 μg/ml CsA for indicated time periods. (A) Representative scatter plots of flow

cytometry. Quantitation of (B) apoptotic cells (PI negative and Annexin V positive, Q4), (C) necrotic cells (PI positive and Annexin V positive, Q2), (D) viable

cells (PI negative and Annexin V negative, Q3). Each bar represents mean ± SD of 3 experiments. �p< 0.05 (One-way ANOVA followed by Bonferroni’s post-

hoc comparisons tests). shRNA-GADD45γ(G) represents shRNA constructs to knockdown GADD45γ; shRNA-NC, shRNA constructs targeting no known

genes.

https://doi.org/10.1371/journal.pone.0212818.g005
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GADD45γ knockdown HRE cells were transduced with adenoviral vectors expressing

GADD45γ to restore GADD45γ expression, then treated with CsA to evaluate cell death. As

expected, the restoration of GADD45γ expression significantly increased apoptosis and necro-

sis, leading to significantly decreased cell survival compared to LacZ transduced control cells

(Fig 6).

Caspase activation is dependent on GADD45γ expression

To gain insight into the mechanism of GADD45γ-mediated regulation of cell death, we

decided to examine the expression of caspases, known mediators of apoptosis. MLKL which

has recently been implicated as a key mediator of programmed necrosis, termed necroptosis,

was also examined [18]. We found that caspases-3 and -7 as well as caspase-9 were activated by

cisplatin and CsA as evidenced by the increased cleaved forms, and such activation of caspases

was prevented by silencing of GADD45γ (Fig 7A and 7B). Accordingly, the activation of cas-

pases was significantly augmented by GADD45γ overexpression in cisplatin treated cells (Fig

7C), confirming the role of GADD45γ in the activation of caspases. MLKL was not activated

by either drug, indicating that necroptosis was not the pathway of cell death.

Cisplatin-induced cell death is prevented by caspase inhibition

Having found that the activation of caspase is dependent on GADD45γ, we proceeded to

determine the role of caspases in renal tubular cell death. To inhibit the activity of caspases,

ZVAD-FMK was added to the HRE cells along with cisplatin. For comparison, necroptosis

inhibitor necrostatin-1, or ferroptosis inhibitor ferrostatin-1 were added to the cells. Flow

cytometry analysis showed that apoptosis induced by cisplatin was significantly decreased by

Fig 6. Quantitation of apoptosis and necrosis by flow cytometry in CsA-treated renal tubular cells: The effect of the restoration of GADD45γ expression in

GADD45γ knockdown cells. shRNA-GADD45γ cells were infected with 50 MOI of Ad-LacZ or Ad-GADD45γ for 48 hours and then treated with 25 ug/ml CsA for

72 h. (A) Representative scatter plots of flow cytometry. Quantitation of (B) apoptotic cells (PI negative and Annexin V positive, Q4), (C) necrotic cells (PI positive

and Annexin V positive, Q2), (D) viable cells (PI negative and Annexin V negative, Q3). Each bar represents mean ± SD of 3 experiments. �p< 0.05 vs Ad-LacZ

transduced cells (Student’s t-test). Ad-GADD45γ(G) represents adenoviral vectors expressing GADD45γ; Ad-LacZ, LacZ adenoviral vectors.

https://doi.org/10.1371/journal.pone.0212818.g006
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ZVAD-FMK, leading to significantly increased cell survival, which indicates a role of caspases

in the induction of apoptosis (Fig 8). Along with apoptosis, necrosis was effectively prevented

by ZVAD-FMK as well, indicating that the observed PI/Annexin V double stain should repre-

sent a secondary form of necrosis that progressed from apoptosis rather than a primary occur-

rence of necrotic events (Fig 8). In contrast, primary necrosis inhibitors, necrostatin-1 and

ferroptosis, were not effective in preventing apoptosis or necrosis, indicating that non-apopto-

tic pathways may not contribute to the cisplatin-induced cells death (Fig 8). The absence of the

effect of such necrosis inhibitors indicates again that the observed PI/Annexin V double stain

should represent secondary necrosis. Additionally, ZVAD-FMK did not change GADD45γ
levels in cisplatin treated HRE cells (Fig 8).

CsA-induced cell death is prevented by caspase inhibition

To elucidate the role of caspases in CsA-induced cell death, ZVAD-FMK was added to the

HRE cells along with CsA. For comparison, the effect of necrostatin-1 and ferrostatin-1 were

evaluated as well. Flow cytometry analysis showed that ZVAD-FMK significantly decreased

apoptosis induced by CsA, indicating a role of caspases in apoptosis. ZVAD-FMK was also

effective in preventing secondary necrosis, as in the cisplatin experiment. Though ZVAD-

FMK was most effective for prevention of cell death, necrostatin-1 and ferrostatin-1 were also

shown to be effective (Fig 9), indicating that although caspase-dependent apoptosis is mainly

responsible for cell death, non-apoptotic pathways may play a role in CsA-induced renal

Fig 7. Western blot analysis of caspase activation. (A) shRNA-GADD45γ and shRNA-NC HRE cells were incubated with 25 μM cisplatin for 24 hours. (B)

shRNA-GADD45γ and shRNA-NC HRE cells were incubated with 25 μg/ml CsA for 24–48 hours. (C) HRE cells were infected with 50 MOI of adenoviral vectors and

then treated with cisplatin at concentrations 25, 50, and 200 μM for 6 hours. Ad-LacZ served as controls. C-caspases represent cleaved (active)-caspases.

shRNA-GADD45γ represents shRNA constructs to knockdown GADD45γ; shRNA-NC, shRNA constructs targeting no known genes. Ad-GADD45γ represents

adenoviral vectors expressing GADD45γ; Ad-LacZ, LacZ adenoviral vectors.

https://doi.org/10.1371/journal.pone.0212818.g007
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tubular cells death. Additionally, ZVAD-FMK did not change GADD45γ levels in CsA treated

HRE cells (Fig 9).

Discussion

In this study, we sought to determine the role of GADD45γ in the death pathways of human

renal tubular cells induced by the nephrotoxic drugs cisplatin and CsA which are known to

cause renal tubular cell injury and related apoptosis. We found that the expression of

GADD45γ gene was upregulated upon treatment with cisplatin and CsA, and that the inhibi-

tion of GADD45γ significantly reduced the apoptotic as well as necrotic cell death induced by

the drugs. Accordingly, the overexpression of GADD45γ significantly augmented both modes

of cell death induced by these drugs. The major executioner caspases, caspase-3 and caspase-7

and the initiator caspase, caspase-9 [19], were all activated by cisplatin and CsA, and such acti-

vation was significantly inhibited by GADD45γ knockdown, or significantly augmented by

GADD45γ overexpression, indicating that the activation of caspases is dependent on the

expression of GADD45γ. ZVAD-FMK, the pan-caspase inhibitor, effectively prevented

Fig 8. Quantitation of apoptosis and necrosis by flow cytometry in cisplatin-treated renal tubular cells: The effect of caspase inhibition. HRE cells were incubated

with 25 μM cisplatin for 48–72 hours with pan-caspase inhibitor ZVAD-FMK, necroptosis inhibitor necrostatin-1, or ferroptosis inhibitor ferrostatin-1. (A)

Representative scatter plots of flow cytometry. (B) Quantitation of apoptotic cells (PI negative and Annexin V positive, Q4). �p<0.05 vs all other corresponding values;

#p<0.05 vs control and ZVAD/cisplatin (C) Quantitation of necrotic cells (PI positive and Annexin V positive, Q2). �p<0.05 vs all other corresponding values except

Fer1/cisplatin (p = ns); #p<0.05 vs all other corresponding values; &p<0.05 vs all other corresponding values except vehicle/cisplatin (p = ns) (D) Quantitation of viable

cells (PI negative and Annexin V negative, Q3). (E) HRE cells were incubated with 25 μM cisplatin for 12–24 hours in the presence or absence of ZVAD-FMK, and the

expression of mRNA was evaluated by RT-PCR. �p<0.05 vs all other corresponding values. Each bar represents mean ± SD of 3 experiments. One-way ANOVA with a

post-hoc Bonferroni multiple comparison test to compare all groups.

https://doi.org/10.1371/journal.pone.0212818.g008
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apoptosis induced by these drugs, confirming the role of caspases in apoptotic cell death. The

finding that necrosis (PI/Annexin V double stain) was more effectively prevented by ZVAD-

FMK than the inhibitors of primary regulated necrosis, necrostatin-1 and ferrostatin-1, sug-

gests that the observed necrosis should be a secondary event resulting from the progression of

the apoptotic program towards necrosis [20]. In addition, phospho-MLKL was not detected

during the induction of cell death, indicating that necroptosis [18, 21, 22] was neither induced

by cisplatin and CsA, nor affected by GADD45γ expression. Together, this set of evidence

proves that GADD45γ is required for caspase activation and subsequent caspase-dependent

apoptosis of renal tubular cell induced by nephrotoxic drugs.

To date, no data exists which implicates GADD45γ in apoptotic tubular cell death in AKI

inflicted by direct renal insults such as renal ischemia [6, 7], sepsis [8] and nephrotoxins [9–

13]. Of these insults, nephrotoxin is the most appropriate for in vitro induction of apoptosis,

thus we selected cisplatin and CsA, well-known nephrotoxic drugs for our experiment. In fact,

apoptosis is known to be a critical mode of renal tubular cell death induced by cisplatin, espe-

cially at low doses [23], where caspase activation is the key step [24]. It has been demonstrated

that p53 plays a critical role in apoptosis by induction of PUMA (p53 upregulated modulator

Fig 9. Quantitation of apoptosis and necrosis by flow cytometry in CsA-treated renal tubular cells: The effect of caspase inhibition. HRE cells were

incubated with 25 ug/ml CsA for 48–72 hours with pan-caspase inhibitor ZVAD-FMK, necroptosis inhibitor necrostatin-1, or ferroptosis inhibitor ferrostatin-

1. (A) Representative scatter plots of flow cytometry. (B) Quantitation of apoptotic cells (PI negative and Annexin V positive, Q4). �p<0.05 vs all other

corresponding values; #p<0.05 vs all other corresponding values except Control (p = ns); $p<0.05 vs all other corresponding values except Fer1/CsA (p = ns);

&p<0.05 vs all other corresponding values except Vehicle/CsA (p = ns). (C) Quantitation of necrotic cells (PI positive and Annexin V positive, Q2). �p<0.05 vs

all other corresponding values; #p<0.05 vs all other corresponding values except Nec1/CsA (p = ns); $p<0.05 vs all other corresponding values except ZVAD/

CsA (p = ns). (D) Quantitation of viable cells (PI negative and Annexin V negative, Q3). (E) HRE cells were incubated with 25 ug/ml CsA for 24–48 hours in

the presence or absence of ZVAD-FMK, and the expression of mRNA was evaluated by RT-PCR.�p<0.05 vs all other corresponding values. Each bar

represents mean ± SD of 3 experiments. One-way ANOVA with a post-hoc Bonferroni multiple comparison test to compare all groups.

https://doi.org/10.1371/journal.pone.0212818.g009
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of apoptosis), p53-responsive pro-apoptotic Bcl-2 family protein [25, 26], or PIDD

(p53-induced death domain protein) [27]. PIDD is involved in the mechanism of cisplatin-

induced caspase-2 activation with subsequent mitochondrial release of AIF (apoptosis-induc-

ing factor) causing apoptosis [27]. Others have shown that cisplatin activates cdk2 which, in

turn, causes E2F1 activation, resulting in apoptosis of renal tubular cells [28]. CsA, another

nephrotoxic drug, has also been shown to cause apoptotic cell death of renal tubular cell, and

that such apoptosis is mediated by caspases [29]. The expression of specific apoptotic genes,

such as p53, Bax and Fas ligand were shown to be enhanced in response to CsA in the kidney

[30]. Above all, the mitochondrial pathway seems to be most critical in CsA-induced apopto-

sis, and it has been shown that CsA promotes the translocation of Bax to the mitochondria

leading to release of cytochrome C with subsequent activation of caspase-3 and caspase-9,

resulting in apoptosis of renal tubular cells [31].

GADD45γ has been shown to induce apoptosis in some types of cells, though no such data

exists in renal tubular cells. In cancer cells and myocytes, evidence suggests that the induction

of apoptosis by GADD45γ is dependent on p38 mitogen activated protein kinase (MAPK) or

c-Jun N-terminal kinase (JNK) MAPK signaling pathways [2, 32], and that GADD45γ activates

MAPK pathways via signaling cascades involving MTK1/ MEKK4 in response to environmen-

tal stresses [4, 33, 34].

We reported that GADD45γ promotes renal fibrosis in unilateral ureteral obstruction

(UUO), a model mimicking chronic renal injury [4], and is associated with progression of IgA

nephropathy [5], suggesting that GADD45γ may promote progression of CKD. Previous data

demonstrated that the progression of CKD is the result of caspase-dependent apoptosis and

subsequent atrophy [35–37], thus together with our current data, it may be hypothesized that

heightened expression of GADD45γ may contribute to the progression of CKD through the

induction of renal tubular cell apoptosis.

Cell death pathways may be stimulus-specific; hence we do not know whether our findings

can be extended to other types of nephrotoxic insults. Given the tight link between GADD45γ
and caspases shown in this study, however, it is possible that renal tubular cell death, if it is

caspase dependent, may be regulated by GADD45γ expression irrespective of the type of

stimulus.

In conclusion, we propose a novel pathway of apoptosis of renal tubular cells where

GADD45γ plays a critical role. We hope our findings contribute to the knowledge of the mech-

anisms of tubular cell death in AKI. Knowledge of these mechanisms and determinants of cell

death may reveal new therapeutic targets for the mitigation of AKI in the future.

Author Contributions

Conceptualization: Gyu-Tae Shin, Hwa Joung Lee.

Data curation: Gyu-Tae Shin, Hwa Joung Lee, Ji Eun Park.

Formal analysis: Gyu-Tae Shin, Hwa Joung Lee, Ji Eun Park.

Investigation: Gyu-Tae Shin, Ji Eun Park.

Methodology: Gyu-Tae Shin, Hwa Joung Lee, Ji Eun Park.

Project administration: Gyu-Tae Shin, Ji Eun Park.

Resources: Gyu-Tae Shin, Hwa Joung Lee.

Supervision: Gyu-Tae Shin.

Validation: Gyu-Tae Shin.

GADD45γ in renal tubular cell apoptosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0212818 February 22, 2019 13 / 15

https://doi.org/10.1371/journal.pone.0212818


Visualization: Gyu-Tae Shin.

Writing – original draft: Gyu-Tae Shin.

Writing – review & editing: Gyu-Tae Shin.

References

1. Smith M, Chen I, Zhan Q, Bae I, Chen C, Gilmer T, et al. Interaction of the p53-regulated protein

Gadd45 with proliferating cell nuclear antigen. Science. 1994; 266:1376–1380. PMID: 7973727

2. Zerbini LF, Wang Y, Czibere A, Correa RG, Cho J-Y, Ijiri K, et al. NF-κB-mediated repression of growth

arrest- and DNA-damage-inducible proteins 45α and γ is essential for cancer cell survival. Proceedings

of the National Academy of Sciences of the United States of America. 2004; 101:13618–13623. https://

doi.org/10.1073/pnas.0402069101 PMID: 15353598

3. Havasi A, Borkan SC. Apoptosis and acute kidney injury. Kidney international. 2011; 80:29–40. https://

doi.org/10.1038/ki.2011.120 PMID: 21562469

4. Shin GT, Kim DR, Lim JE, Yim H, Kim H. Upregulation and function of GADD45gamma in unilateral ure-

teral obstruction. Kidney Int. 2008; 73:1251–1265. https://doi.org/10.1038/ki.2008.93 PMID: 18354378

5. Yu S, Cho J, Park I, Kim SJ, Kim H, Shin GT. Urinary GADD45gamma expression is associated with

progression of lgA nephropathy. Am J Nephrol. 2009; 30:135–139. https://doi.org/10.1159/000209317

PMID: 19293565

6. Daemen MA, van ’t Veer C, Denecker G, Heemskerk VH, Wolfs TG, Clauss M, et al. Inhibition of apo-

ptosis induced by ischemia-reperfusion prevents inflammation. J Clin Invest. 1999; 104:541–549.

https://doi.org/10.1172/JCI6974 PMID: 10487768

7. Kelly KJ, Plotkin Z, Dagher PC. Guanosine supplementation reduces apoptosis and protects renal func-

tion in the setting of ischemic injury. Journal of Clinical Investigation. 2001; 108:1291–1298. https://doi.

org/10.1172/JCI13018 PMID: 11696573
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22. Linkermann A, Bräsen JH, Darding M, Jin MK, Sanz AB, Heller J-O, et al. Two independent pathways of

regulated necrosis mediate ischemia–reperfusion injury. Proceedings of the National Academy of Sci-

ences of the United States of America. 2013; 110:12024–12029. https://doi.org/10.1073/pnas.

1305538110 PMID: 23818611

23. Lieberthal W, Triaca V, Levine J. Mechanisms of death induced by cisplatin in proximal tubular epithelial

cells: apoptosis vs. necrosis. American Journal of Physiology—Renal Physiology. 1996; 270:F700–

F708.

24. Lau AH. Apoptosis induced by cisplatin nephrotoxic injury. Kidney Int. 1999; 56:1295–1298. https://doi.

org/10.1046/j.1523-1755.1999.00687.x PMID: 10504479

25. Jiang M, Wei Q, Wang J, Du Q, Yu J, Zhang L, et al. Regulation of PUMA-alpha by p53 in cisplatin-

induced renal cell apoptosis. Oncogene. 2006; 25:4056–4066. https://doi.org/10.1038/sj.onc.1209440

PMID: 16491117

26. Tsuruya K, Yotsueda H, Ikeda H, Taniguchi M, Masutani K, Hayashida H, et al. Involvement of p53-

transactivated Puma in cisplatin-induced renal tubular cell death. Life Sci. 2008; 83:550–556. https://

doi.org/10.1016/j.lfs.2008.08.002 PMID: 18761355

27. Seth R, Yang C, Kaushal V, Shah SV, Kaushal GP. p53-dependent caspase-2 activation in mitochon-

drial release of apoptosis-inducing factor and its role in renal tubular epithelial cell injury. J Biol Chem.

2005; 280:31230–31239. https://doi.org/10.1074/jbc.M503305200 PMID: 15983031

28. Yu F, Megyesi J, Safirstein RL, Price PM. Involvement of the CDK2-E2F1 pathway in cisplatin cytotoxic-

ity in vitro and in vivo. Am J Physiol Renal Physiol. 2007; 293:F52–59. https://doi.org/10.1152/ajprenal.

00119.2007 PMID: 17459956

29. Ortiz A, Lorz C, Catalán M, Ortiz A, Coca S, Egido J. Cyclosporine A induces apoptosis in murine tubu-

lar epithelial cells: role of caspases. Kidney Int Suppl. 1998; 68:S25–29. PMID: 9839279

30. Shihab FS, Andoh TF, Tanner AM, Yi H, Bennett WM. Expression of apoptosis regulatory genes in

chronic cyclosporine nephrotoxicity favors apoptosis. Kidney Int. 1999; 56:2147–2159. https://doi.org/

10.1046/j.1523-1755.1999.00794.x PMID: 10594790

31. Justo P, Lorz C, Sanz A, Egido J, Ortiz A. Intracellular Mechanisms of Cyclosporin A-Induced Tubular

Cell Apoptosis. Journal of the American Society of Nephrology. 2003; 14:3072–3080. PMID: 14638906

32. Lucas A, Mialet-Perez J, Daviaud D, Parini A, Marber MS, Sicard P. Gadd45gamma regulates cardio-

myocyte death and post-myocardial infarction left ventricular remodelling. Cardiovasc Res. 2015;

108:254–267. https://doi.org/10.1093/cvr/cvv219 PMID: 26370247

33. Takekawa M, Saito H. A family of stress-inducible GADD45-like proteins mediate activation of the

stress-responsive MTK1/MEKK4 MAPKKK. Cell. 1998; 95:521–530. PMID: 9827804

34. Lu B, Yu H, Chow C, Li B, Zheng W, Davis RJ, et al. GADD45gamma mediates the activation of the p38

and JNK MAP kinase pathways and cytokine production in effector TH1 cells. Immunity. 2001; 14:583–

590. PMID: 11371360

35. Schelling JR, Cleveland RP. Involvement of Fas-dependent apoptosis in renal tubular epithelial cell

deletion in chronic renal failure. Kidney Int Suppl. 1999; 56:1313–1316.

36. Verzola D, Gandolfo MT, Ferrario F, Rastaldi MP, Villaggio B, Gianiorio F, et al. Apoptosis in the kidneys

of patients with type II diabetic nephropathy. Kidney Int. 2007; 72:1262–1272. https://doi.org/10.1038/

sj.ki.5002531 PMID: 17851466

37. Ohse T, Inagi R, Tanaka T, Ota T, Miyata T, Kojima I, et al. Albumin induces endoplasmic reticulum

stress and apoptosis in renal proximal tubular cells. Kidney Int. 2006; 70:1447–1455. https://doi.org/10.

1038/sj.ki.5001704 PMID: 16955111

GADD45γ in renal tubular cell apoptosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0212818 February 22, 2019 15 / 15

https://doi.org/10.1038/nrm2970
http://www.ncbi.nlm.nih.gov/pubmed/20823910
https://doi.org/10.1073/pnas.1305538110
https://doi.org/10.1073/pnas.1305538110
http://www.ncbi.nlm.nih.gov/pubmed/23818611
https://doi.org/10.1046/j.1523-1755.1999.00687.x
https://doi.org/10.1046/j.1523-1755.1999.00687.x
http://www.ncbi.nlm.nih.gov/pubmed/10504479
https://doi.org/10.1038/sj.onc.1209440
http://www.ncbi.nlm.nih.gov/pubmed/16491117
https://doi.org/10.1016/j.lfs.2008.08.002
https://doi.org/10.1016/j.lfs.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/18761355
https://doi.org/10.1074/jbc.M503305200
http://www.ncbi.nlm.nih.gov/pubmed/15983031
https://doi.org/10.1152/ajprenal.00119.2007
https://doi.org/10.1152/ajprenal.00119.2007
http://www.ncbi.nlm.nih.gov/pubmed/17459956
http://www.ncbi.nlm.nih.gov/pubmed/9839279
https://doi.org/10.1046/j.1523-1755.1999.00794.x
https://doi.org/10.1046/j.1523-1755.1999.00794.x
http://www.ncbi.nlm.nih.gov/pubmed/10594790
http://www.ncbi.nlm.nih.gov/pubmed/14638906
https://doi.org/10.1093/cvr/cvv219
http://www.ncbi.nlm.nih.gov/pubmed/26370247
http://www.ncbi.nlm.nih.gov/pubmed/9827804
http://www.ncbi.nlm.nih.gov/pubmed/11371360
https://doi.org/10.1038/sj.ki.5002531
https://doi.org/10.1038/sj.ki.5002531
http://www.ncbi.nlm.nih.gov/pubmed/17851466
https://doi.org/10.1038/sj.ki.5001704
https://doi.org/10.1038/sj.ki.5001704
http://www.ncbi.nlm.nih.gov/pubmed/16955111
https://doi.org/10.1371/journal.pone.0212818

